The present study of the attachment of wild-type S. typhimurium to HeLa cell monolayers revealed that both an unstable reversible form of attachment and a more stable form of irreversible attachment occurred before the bacteria were internalized. Both facets of the attachment of salmonellae to HeLa cells were studied in detail in order to elucidate the nature of these properties and to evaluate the contribution that each made to the internalization process.
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The interactions which brought about the invasion of HeLa cells by Salmonella typhimurium consisted of a sequence of three phases. Initially, the motility of the bacteria facilitated their contact with the HeLa cells whereupon the bacteria became attached in a reversible manner (i.e. the bacteria could be removed readily by washing the HeLa cell monolayers with Hanks' Balanced Salt solution). The binding forces responsible for reversible attachment were probably the weak long-range forces of the secondary minimum level of attractive interactions between the bacterium and the HeLa cell. Reversible attachment was a necessary interlude before the bacteria became irreversibly attached to the surfaces of the HeLa cells (i.e. the bacteria were no longer removed by the washing procedure that removed the reversibly attached salmonellae). Irreversible attachment was prevented in solutions of low ionic strength; the forces responsible were probably those of the primary minimum generated between the HeLa cell and a bacterial adhesin which was capable of acting over only short distances between the reversibly attached bacterium and the HeLa cell (i.e. probably less than 15 nm). Only irreversibly attached bacteria proceeded to the third phase and were internalized by the HeLa cells.
I N T R O D U C T I O N
The invasion of animal cells by Salmonella typhimurium and the active engulfment of bacteria or large particles by professional phagocytes are similar in that both appear to involve endocytic mechanisms. The pertinent aspects of phagocytosis have been reviewed (Stossel, 1975; Silverstein et al., 1977) . The entry of salmonellae into animal cells resembles phagocytosis in respect to the morphological responses of the animal cell (Kihlstriim & Latkovic, 1978) and in that both appear to be driven by energy derived from the animal cell (Stossel, 1975 ; Kihlstrom & Nilsson, 1977) . Moreover, the internalization of S. typhimurium by HeLa cells, like phagocytosis, is inhibited by cytochalasin B (Kihlstrom & Nilsson, 1977) , a drug which is thought to interfere with the function of the microfilaments. The endocytosis of large particles by phagocytes, however, proceeds only if stable bonds of sufficient strength (Capo et al., 1978) are maintained between the particle and the phagocyte throughout the internalization process (Griffin et al., 1975) . If the same conditions were fulfilled during the entry of salmonellae into HeLa cells, then the bacterium also must exhibit some form of stable attachment to the host-cell surface prior to and during entry. The attachment of S . typhimurium to HeLa cells has been observed (Kihlstrom & Latkovic, 1978) but was most obvious when rough cell-wall mutants were examined. It was concluded that the increased hydrophobic properties of rough mutants promoted attachment and that bacteria without such cell-wall defects were less adhesive (Kihlstrom & Edebo, 1976 Bacteria were grown in BHI broth with shaking for 16 h at 37 OC, collected by centrifugation (6000 g for 10 min) and resuspended in Hanks' solution to final concentrations of 1 x lo* or 1 x lo9 total bacteria ml-l for test purposes; total counts were performed with a Petroff-Hauser chamber (Arthur H. Thomas Co., Philadelphia, Pa., U. S .A .).
Reversible attachment of bacteria to HeLa cells and the role of motility during the initial phase of the interaction. A volume of bacterial suspension in Hanks' solution (1 x lo9 ml-') was placed on a HeLa cell monolayer to give a layer about 1 mm deep. The preparation was incubated at 37 "C and observed by phase-contrast microscopy. Reversible attachment was defined as a form of association between bacteria and HeLa cells that was easily reversed by the fluid shear produced when five volumes of Hanks' solution was introduced on one side of the cover-slip while excess fluid was withdrawn from the opposite side. Twenty HeLa cells were examined at intervals and the average number of bacteria per HeLa cell was determined before and after fluid displacement to provide a measure of reversible attachment.
Irreversible attachment of bacteria to HeLa cells. Irreversible attachment was defined as the form of association between bacteria and HeLa cells that was not reversed by fluid displacement. Volumes (1 ml) of bacterial suspension in Hanks' solution (1 x lo9 ml-l) were incubated with the HeLa cell monolayers for 30 min at 37 OC in Multiplate dishes. After the removal of reversibly attached bacteria, irreversibly attached bacteria were stained with fluorescent antibody. The monolayers were first treated with rabbit antiserum prepared against boiled S. typhimurium cells, and then with fluorescein-conjugated goat anti-rabbit serum (Difco) for a further 15 min. Because the intact cytoplasmic membranes of animal cells are impermeable to immunoglobulins (Nairn, 1976) , all the fluorescent bacteria observed on the HeLa cells were assumed to be extracellular (Kihlstrom & Nilsson, 1977; Hale & Bonventre, 1979) . Monolayers were examined in duplicate and the numbers of bacteria associated with up to 50 HeLa cells of each monolayer were determined. Means, standard deviations (s.D.), and standard error of 
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means (s.E.M.) were calculated with a Wilcoxon Rank Test (Brownlee, 1965) and the aid of a computer program.
Results obtained by this method were comparable to those obtained with phase-contrast microscopy. Centrifuge-assisted attachment of S . typhimurium to HeLa cells. Monolayers of HeLa cells (50 % confluence) were grown on circular glass cover-slips 12 mm in diameter and then placed in flat-bottomed glass vials (Rochester Scientific Co., Rochester, N.Y., U.S.A.). Each vial received 400 pl of bacterial suspension (4 x lo8 bacteria ml-I) and was then centrifuged at 160 g for 5 min. Some cover-slips were then examined by phase-contrast microscopy for reversibly attached bacteria. The supemates of other monolayers were replaced with Hanks' solution and the monolayers were incubated for 30 min at 37 OC to allow irreversible attachment to occur. The monolayers were treated with antiserum and irreversibly attached bacteria were enumerated. These conditions were selected so that normally adhesive bacteria attached to HeLa cells in approximately equal numbers in this test and in the routine test.
Measurement of the internalization of S. typhimurium by HeLa cells. Volumes (1 ml) of bacterial suspension in
Hanks' solution (1 x lo8 ml-I) were placed on each of four monolayers and incubated for 3 h. After the removal of reversibly attached bacteria, the irreversibly attached, extracellular bacteria were stained and counted as described. The total numbers of bacteria (i.e. both extracellular and intracellular populations) associated with up to 100 HeLa cells were obtained from duplicate monolayers that had been fixed in methanol for 2 min before being treated with antiserum. Fixation destroyed the selective permeability of animal cell membranes and allowed the immunoglobulins to react with intracellular bacterial antigens (Nairn, 1976; Kihlstrom & Nilsson, 1977 ; Hale & Bonventre, 1979) . The invasion index represented the intracellular proportion of the total numbers of bacteria per HeLa cell, i.e.
Mean count of total bacteria -Mean count of extracellular bacteria
Mean count of total bacteria Invasion index = The numbers of monolayers and HeLa cells examined, and the statistical analyses were as described above.
Replication of the bacteria was estimated from comparative counts of total bacteria made at 30 min and 3 h and the invasion indices were adjusted accordingly.
Influence offluid shear and ionic strength on attachment. Attachment was measured both in the usual fashion and after the preparations had been subjected to continual fluid shear during incubation. The latter was achieved on a rocking platform (Labindustries, Berkeley, Calif., U.S.A.) set to move through an arc of 25O at 40 cycles min-'. Attachment was measured in suspension fluids of various ionic strengths prepared from Hanks' solution diluted in isotonic sucrose buffered at pH 7.3 with 10 mM-HEPES buffer (pKa 7.3); the final solutions were between 160 and 190 m~. The dimensions of the diffuse layer of counter ions (1/K) on the cell surfaces were calculated according to Heard & Seaman (1960) . The theoretical distances of separation (H) between bacteria and HeLa cells at various values of 1/K were computed according to Weiss & Harlos (1972) . The distance of closest approach between bacterium and HeLa cell was taken as that at which the potential energy of repulsion (V,) was equal to, or less than, the potential energy of attraction (V,) (Marshall et al., 1971) .
Electron microscopy. Preparations of bacteria were made on parlodian-coated grids and stained with phosphotungstic acid (2%, w/v) (Baker Chemical Co., Phillipsburg, N.J., U.S.A.) for 30 s. Specimens were examined for flagella with a Zeiss EM-10 electron microscope.
RESULTS

Reversible attachment of S. typhimurium to the surfaces of HeLa cells. Motile bacteria collided rapidly with the HeLa cells and such collisions often resulted in the bacteria
becoming reversibly attached to the HeLa cell surface. All bacteria associated with the HeLa cells were in this state for the first 5 min of contact. Bacteria attached and deiached throughout the period of observation. However, a state of equilibrium was reached within 1-2 min when 8-12 bacteria per HeLa cell were observed; this level of reversible attachment did not change appreciably for the remainder of the 30 min incubation.
Irreversible attachment of S. typhimurium to the surfaces of HeLa cells. After 5 min of contact, some bacteria became irreversibly attached to the HeLa cell surface and could no longer be removed by washing in Hanks' solution. Typically, 3-4 f 0.9 (s.D.) and 4.7 $ 1.8 irreversibly attached bacteria per HeLa cell were recorded for strains TML and S850, respectively, after 5 min of incubation. The numbers of irreversibly attached bacteria increased steadily during the first 30 min when the numbers of extracellular bacteria andttotal bacteria associated with the HeLa cells were the same (i.e. the invasion index was zero). (0) and the total number of bacteria (0) per HeLa cell were determined and the standard error of the mean (vertical bar) was calculated, as described in Methods.
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Table 1. Irreversible attachment of S . typhimurium to HeLa cells and their internalization by HeLa cells
HeLa cell monolayers were incubated with bacteria at a concentration of 1 x lo9 ml-I for 30 min for measurement of irreversible attachment, or 1 x lo* ml-' for 3 h for measurement of internalization. All bacterial counts are given per HeLa cell.
Measurement of irreversible attachment
Measurement of internalization After 30 min, there was an apparent decrease in the rate at which bacteria became irreversibly attached to the HeLa cells (Fig. la) , and in the case of strain NY alone, the numbers of attached bacteria decreased as the rate of internalization apparently exceeded the rate of attachment (Fig. 1 b) . In consequence, a 30 min period of incubation was selected for the measurement of the irreversible attachment. Within the limits of 1 x lo8 and 1 x lo9 bacteria ml-l, the number of irreversibly attached bacteria per HeLa cell was a linear function of the concentration of bacteria (results not shown). Bacterial suspensions of concentrations of about 4 x lo9 ml-' were unsatisfactory for two reasons: (i) the bacteria attached to the HeLa cells in aggregates that were readily dislodged, and (ii) the HeLa cell monolayers died rapidly (as judged by cell morphology and Trypan Blue dye exclusion tests). Irreversible attachment, however, was independent of the number of HeLa cells that constituted the monolayer when the latter was varied between 3 x lo5 and 3 x lo4 HeLa cells per monolayer. Differences in the levels of irreversible attachment of individual strains were appreciable ( Table 1) , but even in suspensions of the most adhesive strains, less than 1 % of the total number of bacteria became attached. Table 1) . Observation of single monolayers that had been treated with rhodamine-conjugated antibody (Smith et al., 1962) before fixation and then with fluorescein-conjugated antibody after fixation revealed distinct intracellular and extracellular populations of bacteria. The proportion of intracellular bacteria was similar to that found with the routine technique.
Internalization of S. typhimurium by HeLa cells. All six strains had the ability to invade HeLa cells (
Internalization was time-dependent ( Fig. la, b ; Table 2 ) and reached significant proportions (P < 0.01 to <0-001; 95 % confidence limits) by 60 min for all strains except TML. Differences between the numbers of extracellular and total bacteria were highly significant (P < 0401) for all strains by 3 h (Table 2) 
Influence of motility on the attachment to, and the invasion oJ HeLa cells by S. typhimurium.
Bacteria of motile cultures of strains TML and S850 grown in BHI broth possessed an average of six flagella and 60% or more of the bacteria were motile. Such bacteria became reversibly and irreversibly attached to the HeLa cells (Table 3) and were subsequently internalized. In contrast, bacteria grown on BHI agar produced an average of less than one flagellum and less than 1 % of the bacteria were motile. Bacteria grown on BHI agar failed to become either reversibly or irreversibly attached to HeLa cells (Table 3 ) and no intracellular bacteria were observed. Broth-grown cultures of non-motile, non-flagellate mutants of strains TML and S850 behaved in an identical manner to agar-grown cultures of the parental strains (Table 3 ). The reversion of the non-motile mutants to a motile state coincided with the reappearance of reversible and irreversible attachment (Table 3 ) and invasive properties.
However, non-motile bacteria of both strains did become attached to HeLa cells when impacted on to the HeLa cells by centrifugation. Initially, large numbers of bacteria (i.e. >SO bacteria per HeLa cell) were reversibly attached to the HeLa cell surfaces but subsequent incubation of the monolayers resulted in only some of these bacteria becoming irreversibly attached ( Table 3) . Bacteria that became irreversibly attached to the HeLa cells after centrifugation were also internalized by the HeLa cells. Mean of five consecutive observations. f Mean number of reversibly attached bacteria >50. 
G . W . J O N E S , L . A . R I C H A R D S O N A N D D . U H L M A N
Influence of reversible attachment on the irreversible attachment of bacteria to HeLa cells.
Fluid shear produced by rocking the incubation mixtures prevented all reversible attachment and reduced irreversible attachment by approximately 90 %. Fluid displacement, however, failed to remove bacteria that had become irreversibly attached prior to the application of the shear force.
Influence of ionic strength on attachment. The calculated value of 1/K for Hanks' solution was 0.72nm. Increases in the value of 1/K resulting from decreasing the ionic strength caused a concomitant decrease in the numbers of bacteria irreversibly attached to the HeLa cells; minimal values of 1-2 bacteria per HeLa cell were reached when 1/K was about 2.5 nm (Fig. 2) . Only rare HeLa cells (< 1 % of the total) with an array of fine filaments over their entire surfaces allowed significant irreversible attachment (10-20 bacteria per cell) to occur when diluted Hanks' solution was used (1/K 4.12 nm). Once irreversibly attached, the bacteria were not dislodged from the HeLa cell surface by solutions of low ionic strength. The reversible attachment of bacteria was unaltered by 1/K values up to 4-12 nm (Fig. 2) .
The theoretical distances of separation (H) between the bacteria and the HeLa cells for these values of 1/K were calculated with the following dimensions: HeLa cell surface potential, -14 mV [calculated (Ambrose, 1966) with the data of Sachtleben & Luyken (1962) and Fuhrman (1965) l; bacterial cell surface potential, -25 mV [calculated (Ambrose, 1966) from the values given by James (1957) l; HeLa cell radius of curvature, 1 x cm (Weiss & Harlos, 1972) ; bacterial cell radius of curvature, 4 x 10-5cm (Marshall et al., 1971) ; dielectric constant, 81-07 (of water); Hamaker constant, 1 x ergs [estimated from the data of Wilkins et at. (1962) l. When 1/K was 2.5 nm, the distance of separation was about 14 nm. At 1/K values of 0-72 and 4-12 nm, these distances were about 3 and 26 nm, respectively.
Deviations from these values of H caused by variations in the other parameters were computed over the following ranges: HeLa cell surface potential, -10 to -20 mV (Jones, 1977) ; HeLa cell radius of curvature, 1 x lo4 cm (planar surface) to 5 x cm [the estimated size of filaments on the surfaces of HeLa cells (Weiss & Harlos, 1972) l; dielectric constant, 70 to 80 [that expected for a mixture of sucrose and dilute salt solutions (Pollack et al., 1965) l. When 1/K was 2-5 nm, H was 13.0 to 15.0 nm. Only the use of the hypothetical Hamaker constant of 1 x 10-16ergs (Wefss & Harlos, 1972) caused H to increase substantially to 28.0 nm when 1/K equalled 2.5 nm.
Neither the molarity of the suspending fluid (160-300 mmol 1-l) nor the presence of sucrose influenced irreversible attachment at ionic strengths equal to that of Hanks' solution. Higher molarities impaired motility and attachment was curtailed. Reduced irreversible attachment resulted in a parallel decrease in the numbers of bacteria internalized.
D I S C U S S I O N
The relevance of the interactions of S. typhimurium with HeLa cells to the behaviour of the bacteria in natural surroundings is a matter of conjecture at present. The model system, however, allowed possibly significant interactions to be identified. The most pertinent of these were probably irreversible attachment and internalization. Motility appeared only to promote contact between the bacterium and animal cell which initiated the sequence. Reversible attachment, however, was a prerequisite of irreversible attachment to the extent that continual fluid displacement prevented reversible attachment and this prevented, but did not reverse, irreversible attachment. It was inferred, therefore, that the period of reversible attachment provided the time necessary for a putative bacterial adhesin to bind to the HeLa cell surface.
The two forms of attachment appeared to be caused by different types of attractive forces generated between the bacterial and animal cell surfaces. The derivation of the so-called DLVO theory employed (Weiss & Harlos, 1972) is applicable only to the analysis of weak long-range interactions of the reversible type (Marshall et al., 1971) . Briefly, the theory assumes that the forces of attraction ( VA) and the forces of repulsion (VR) generated between two surfaces are additive, with states of mutual attraction occurring at two distances of separation when VA > VR. At long range, the weak attractive forces are those of the secondary minimum whereas at shorter distances of separation the stronger forces of attraction at the primary minimum become apparent. At a distance intermediate between these, the interaction of the ionic clouds of the diffuse double layers causes mutual repulsion between the bodies when VR > VA. It has been shown that the latter is sufficient to prevent physical contact between a bacterium and a surface (Marshall et al., 1971) . The stronger binding forces equivalent to those of the primary minimum, therefore, may occur only through the agencies of long filamentous appendages (or adhesins) on the bacterial cell binding to the substratum (Jones, 1977) . A decrease in the ionic strength of the suspending fluid increases the dimensions of the diffuse double layers (l/K) and causes increased separation of the surfaces, perhaps to the extent that all interactions at the secondary minimum are eliminated (Marshall, 1975 ) and all attachment is prevented (Marshall et al., 1971) . In the present studies only irreversible attachment was inhibited when H measured 15.0 to 26-0 nm. These results may be interpreted as follows: reversible attachment was caused by long-range forces of the secondary minimum; irreversible attqchment was probably due to the stronger binding forces of the primary minimum and hence must have occurred via the agency of a salmonella adhesin. The calculations were based initially on the assumption that the HeLa cell surfaces were near planar whereas HeLa cells do produce filamentous surface projections (Fisher & Cooper, 1967; Pugh-Humphreys & Sinclair, 1970; Kihlstrom & Latkovic, 1978) . Accommodation of this variable and others, however, did not appreciably alter the value of H or the conclusions.
The conclusion that the close juxtaposition of bacterium with animal cell occurs prior to invasion is clearly supported by the observations of Kihlstrom & Nilsson (1977) on the invasion of HeLa cells by rough mutant salmonellae, but not by the observations of Takeuchi (1967) on the invasion of epithelial cells by strain W118. However, neither the extensive glycocalyx surface of the epithelial cells (Ito, 1969) , nor the extensive lipopolysaccharide layer of the bacteria (Shands, 1965) are apparent from the photomicrographs of Takeuchi (1967) and an estimation of the true distance of separation is impossible.
For two reasons the adhesins involved are unlikely to be type 1 fimbriae. Firstly, S. typhimurium strains S850 and S2204 belonged to the non-fimbriate FIRN biogroup (Duguid et al., 1975) . Secondly, the gap of 15.0 nm between bacterium and HeLa cell (which prevented irreversible attachment) represents less than 1% of the typical length of type 1 fimbriae. If the binding sites of type 1 fimbriae occurred along the lateral margin (Salit & Gotschlich, 1977; Sweeney & Freer, 1979) rather than the terminus (Brinton, 1965) then fully 99% of the fimbrial length would need to be employed in binding to the HeLa cell surface to account for these results. Thus, two alternatives may be assumed: (i) salmonellae of the FIRN biogroup with a common genetic ancestry (Old & Duguid, 1979) have evolved a different but common adhesive mechanism, whereas strains not belonging to the FIRN biogroup utilize type 1 fimbriae; (ii) all adhesive salmonellae produce a similar adhesive material which is distinct from type 1 fimbriae. The latter need not involve the hydrophobic surface properties associated with the adhesion of rough mutants (Kihlstrom, 1980) , although such bacteria would associate w i t h the surface of an animal cell more readily (Van Oss, 1978) . All six strains examined in the present study had a smooth cell wall composition according to phage sensitivity tests.
Microbial replication during the 3 h of incubation was similar to that found by others (Lowrie et al., 1979) and tended to obfuscate the results. However, significant proportions of irreversibly attached bacteria entered the animal cells between 30 min and 3 h. In one case (strain NY), the rate of internalization appeared to greatly exceed the rate of attachment with the result that 90-100% of the bacteria became intracellular. Only irreversibly attached bacteria entered the HeLa cells. This mode of attachment appeared to be a critical part of the internalization process and its nature, accordingly, would appear to be of consequence to the bacterium in its role as an intracellular parasite.
